Abstract. The brain is among the major organs generating large amounts of reactive oxygen species and is especially susceptible to oxidative stress. Glutathione (GSH) plays critical roles as an antioxidant, enzyme cofactor, cysteine storage form, the major redox buffer, and a neuromodulator in the central nervous system. GSH deficiency has been implicated in neurodegenerative diseases. GSH is a tripeptide comprised of glutamate, cysteine, and glycine. Cysteine is the rate-limiting substrate for GSH synthesis within neurons. Most neuronal cysteine uptake is mediated by sodium-dependent excitatory amino acid transporter (EAAT) systems, known as excitatory amino acid carrier 1 (EAAC1). Previous studies demonstrated EAAT is vulnerable to oxidative stress, leading to impaired function. A recent study found EAAC1-deficient mice to have decreased brain GSH levels and increased susceptibility to oxidative stress. The function of EAAC1 is also regulated by glutamate transporter associated protein 3-18. This review focuses on the mechanisms underlying GSH synthesis, especially those related to neuronal cysteine transport via EAAC1, as well as on the importance of GSH functions against oxidative stress.
Introduction
Glutathione (GSH) was discovered in 1888 by de Rey Pailhade as an extract from baker's yeast, called "philothione", that had the ability to reduce sulphur to hydrogen sulphide (1) . The GSH level in bread dough is an important determinant of strength and extensibility, both of which depend on the redox state of sulphydryl groups. Its structure was identified in the 1930s (1) and was later recognized as "the most important non-protein thiol" (2) . After GSH was "rediscovered" in the 1970s, a number of studies demonstrated the importance of GSH in cell biology. GSH plays a critical role in protecting cells from oxidative stress and xenobiotics, as well as maintaining the thiol redox state, most notably in the central nervous system (CNS) (3) . In this review, we will discuss the biosynthesis, functions, and regulation of GSH in the CNS, with particular emphasis on the mechanisms by which neuronal GSH synthesis is regulated. Given this background, we will expand our discussion to the involvement of GSH deficiency in neurodegenerative diseases.
Oxidative stress in the central nervous system
The oxygen requirements of the human brain account for 20% of the oxygen consumed by the body, despite the brain being only 2% of body weight. The brain is among the major organs generating large amounts of reactive oxygen species (ROS). Approximately 2% -4% of the oxygen consumed by mitochondria is diverted to form superoxide (4) . Superoxide dismutase (SOD) converts superoxide to hydrogen peroxide (H 2 O 2 ), which is subsequently converted to water and molecular oxygen by GSH peroxidase (GPx) or catalase (3) (Fig. 1) . However, H 2 O 2 can also react with iron via the Fenton reaction to form hydroxyl radicals, which cause lipid peroxidation (5) . The brain also has an abundance of nitric oxide (NO) produced by neuronal NO synthase (nNOS). Neither superoxide nor NO is particularly toxic in vivo, while the reaction of superoxide with NO generates the toxic oxidant peroxynitrite (ONOO − ) (6 -8) . ONOO − can diffuse 10,000 times farther than the hydroxyl radical and is produced by a reaction that is a million times faster than the Fenton reaction (9) . The presence of ONOO − leads to the oxidation of proteins, lipids, and DNA, as well as the nitration of amino acids, mainly tyrosine, and readily inactivates mitochondrial enzymes, resulting in energy production failure (8) . ROS-induced lipid peroxidation leads to the conversion of polyunsaturated fatty acids to highly reactive aldehydes such as 4-hydroxynonenal (4-HNE) (10). 4-HNE can react with cysteine, histidine, and lysine residues on protein, by the process of Michael addition (10) , to irreversibly form the pyrrol adduct. 4-HNE inhibits the enzymatic activity of GPx and thereby increases H 2 O 2 levels (11).
Compared with other organs, the brain is especially vulnerable to oxidative stress because it has lower SOD, catalase, and GPx activities, while it contains an abundance of lipids with unsaturated fatty acids that are targets of lipid peroxidation (3) . In addition, the brain GSH concentration is lower than those of the liver, kidney, spleen, or small intestine (12) . Brain GSH depletion leads to increased productions of superoxide, hydroxyl radicals, and H 2 O 2 (13). Treatment with Lbuthionine sulfoximine (BSO) a specific inhibitor of glutamate-cysteine ligase (GCL), the rate-limiting enzyme of GSH biosynthesis, leads to GSH depletion (14) . Decreased intracellular GSH due to BSO treatment worsened oxidative damage in vivo (15) , while increased intracellular GSH due to n-acetylcysteine (NAC) treatment ameliorated this damage (16) . The intracellular GSH pool is important for limiting oxidative stress-induced neuronal injury.
GSH functions
GSH is a major antioxidant in the brain (3), with a concentration of approximately 2 -3 mM, which is much higher than that in blood or cerebrospinal fluid (CSF) (17) . GSH exerts its functions via several mechanisms.
First, GSH non-enzymatically reacts with superoxide (18) , NO (19) , hydroxyl radical (20) , and ONOO − (21) (Fig. 1) . In particular, GSH has a higher ability to scavenge superoxide than NAC or cysteine (22) . Furthermore, there is no known enzymatic defense against hydroxyl radicals, making GSH the only compound capable of scavenging these radicals (20) .
Second, GSH serves as an essential cofactor for a number of enzymes. GSH works as an electron donor for the reduction of H 2 O 2 or other peroxides catalyzed by GPx (4) . The brain has a relatively high level of GPx as compared with that of catalase, while the liver has high levels of both (23) . H 2 O 2 is reduced to H 2 O by the reaction of GPx with GSH, which is oxidized to GSH disulfide (GSSG) (3). GSSG is then reduced back to GSH, a step catalyzed by GSH reductase with NADPH, and is then reused as a GPx substrate. The relative ratio of the reduced / oxidized forms is over 100 under normal conditions, but is decreased to 49 under stressed conditions (23) . It serves as an indicator of the cellular redox environment (24) . GSH reacts with various endogenous and xenobiotic compounds mediated by glutathione-S-transferase (GST) (12) to form mixed disulfides, which are exported to the outside of the cell. GSH can also react with 4-HNE via the action of GST to form the GSH-HNE adduct (25) . This process plays an important role in cellular detoxification.
A third important role of GSH is serving as a carrier / storage form for cysteine. Cysteine itself has neurotoxic effects mediated by free radical generation, increasing extracellular glutamate, and triggering overactivation of N-methyl-D-aspartate (NMDA) receptors (26) . GSH is a non-toxic cysteine storage form with 10 -100 times higher concentrations in mammalian tissues than cysteine (17) . Approximately one-third to one-half of the total liver GSH serves as a cysteine reservoir that can be released, when necessary (27) .
Fourth, GSH is the major redox buffer and maintains intracellular redox homeostasis. Under conditions of oxidative stress, GSH can lead to the reversible formation of mixed disulfides between protein thiol groups (S-glutathionylation), a process critical for preventing irreversible oxidation of proteins (28) . Thus, GSH modulates a variety of protein functions via Sglutathionylation.
Fifth, GSH can serve as a neuromodulator / neurotransmitter. GSH binds via its gamma-glutamyl moiety to NMDA receptors (29) . GSH is thought to exert dual (agonistic / antagonistic) actions on neuronal responses mediated by NMDA receptors in the brain. GSH also serves as an endogenous NO reservoir to form Snitrosoglutathione (GSNO) (30) . GSNO can release NO under certain conditions with biological effects, while GSNO has a protective effect in the brain under oxidative stress conditions (31) .
In addition, GSH is also required for cell proliferation and neuronal differentiation (32, 33) .
GSH synthesis
GSH is a tripeptide comprised of glutamate, cysteine and glycine (Fig. 2) . The majority of GSH in a cell remains in the cytoplasm, its site of synthesis (34) . Mitochondria also contain 5% -15% of total cellular GSH (35), although they cannot themselves synthesize GSH because they lack GCL activity (34) . GSH synthesis requires two enzymatic steps involving ATP. GCL, also known as γ-glutamylcysteine synthetase, catalyzes the first, that is, rate-limiting enzymatic, step in GSH synthesis (3) . GCL mediates the first reaction between glutamate and cysteine to form a dipeptide, γ-glutamylcysteine (γGluCys), which in turn reacts with glycine catalyzed by GSH synthetase (GS) to produce GSH (3). GSH regulates its own synthesis via feedback inhibition of GCL (36) . GCL is composed of a catalytic subunit, GCLC, and a modulatory subunit, GCLM. GCLC, not GCLM, has all the enzymatic activity and is also subject to feedback inhibition by GSH (37) . GCLC knockout mice showed embryonic lethality, demonstrating that this gene is essential for embryonic development (38) . GCLM knockout mice are viable, but in the absence of the GCLM subunit, GCLC is catalytically inefficient, leading to a GSH decrease (39) . GS mediates the addition of glycine to γGluCys to form GSH. Although GSH synthesis requires three amino acids (glutamate, cysteine, and glycine) and two enzymatic steps involving ATP. In neurons, glutamate /cysteine uptake is mediated by EAAC1. GCL catalyzes the first, i.e., the ratelimiting enzymatic, step in GSH synthesis. GSH regulates its own synthesis via feedback inhibition of GCL (dotted arrow). Abbreviations are as follows: Glu: glutamate, Cys: cysteine, Gly: glycine, γGluCys: γ-glutamylcysteine, CysGly: cysteinylglycine, GSSG: glutathione disulfide, X: compounds that can form conjugates with GSH, GCL: γ-glutamylcysteine ligase, GS: glutathione synthase, GPx: glutathione peroxidase, GR: glutathione reductase, GST: glutathione-S-transferase, γGT: γ-glutamyltransferase, GCT: γ-glutamylcylotransferase, 5-OPase: 5-oxoprolinase.
GS activity is inhibited by ONOO
− (21), the precise regulatory mechanism remains uncertain. Some reports describe exposure to ROS and nitrogen species as raising the GSH content by increasing the GSH synthesis rate (40, 41) . GSH depletion can result in short-term increases in both GCL activity and GSH synthesis.
Cysteine is the rate-limiting substrate for neuronal GSH synthesis (42) . Extracellular supplies of the other two precursors, glutamate and glycine, do not increase GSH synthesis (3, 42) because of their higher intracellular concentrations. Another precursor for the glutamate moiety of GSH is glutamine (43) . The activity of glutaminase, which generates glutamate from glutamine, is reportedly higher in neurons than in astrocytes (44) . In the absence of cysteine, however, no increase in the neuronal GSH concentration was observed when glutamine was supplied (42) . Methionine is an important amino acid for producing cysteine via the trans-sulfuration pathway, which supplies approximately 50% of the cysteine needed for GSH synthesis in the liver (45) . However, the brain trans-sulfuration pathway is thought to be negligible because the pathway-related enzymatic activity and RNA expression were found to be much lower than those in the liver (46) . A primary culture experiment demonstrated incubation with cysteine or NAC, but not methionine, to increase the neuronal GSH level (47) . Therefore, the availability of cysteine alone, that is, none of the other amino acids, is important for neuronal GSH synthesis.
Cysteine uptake
In primary neuron culture, approximately 90% of the total cysteine uptake is mediated by sodium-dependent systems, mainly the excitatory amino acid transporter (EAAT), also known as system X AG - (48) . The neutral amino acid transporter system ASC takes up three amino acids, alanine, serine, and cysteine, in a sodiumdependent manner. System ASC transporters, ASCT1 and ASCT2, have been identified in humans and mice (49, 50) . Neurons express only ASCT1, while astrocytes express both ASCT1 and ASCT2 (51) . In neurons, cysteine uptake is not suppressed by system ASC substrates, but is suppressed by EAAT substrates (52, 53) . System ASC thus appears to play a minor role in neuronal cysteine uptake (48, 52) .
Neurons rely mainly on extracellular cysteine from astrocytes for GSH synthesis (42, 54) because they lack a means of direct GSH uptake. In the CNS, astrocytes store high levels of GSH, with concentrations reaching up to 8 mM (55), and release GSH (56) . Astrocytes can export approximately 10% of their intracellular GSH within 1 h (57) and continuously re-synthesize GSH from a variety of dipeptides serving as precursors (58) . A recent report demonstrated that gap junction hemichannels mediate this GSH release from astrocytes (59) . GSH is released by astrocytes and then cleaved into a γ-glutamyl moiety and a dipeptide CysGly via the reaction with γ-glutamyl transpeptidase (γGT) (57) . The dipeptide CysGly is hydrolyzed by neuronal dipeptidase into cysteine and glycine (42, 60) . Neurons utilize cysteine but not cystine for GSH synthesis, whereas glial cells utilize both (43, 54) . The CSF cysteine concentration was much higher than that of cystine (56) . The availability of cysteine determines neuronal GSH synthesis (42) . In addition to cysteine, neurons can utilize the cysteine donor dipeptides γGluCys and CysGly for GSH synthesis (42) , although it is still unclear how these dipeptides are taken up into neurons.
Cystine uptake
Cystine, an oxidized form of two cysteines with a disulfide linkage, is utilized as a substrate for GSH synthesis in some types of brain cells (61) . Cystine is taken up into the cell in exchange for glutamate via system xc-, which can be inhibited by a high extracellular glutamate concentration (62) . System xc-is present on astrocytes, microglia, retinal Muller cells, and Bergmann glial cells in the cerebellum (63, 64) . Neurons reportedly could not utilize cystine adequately for their own GSH synthesis (43, 54, 56) , and cystine uptake activity was especially important for maintaining the GSH level in astrocytes (43) . System xc-is a sodiumindependent antiporter composed of two subunits, xCT and 4F2hc (65) . The former subunit correlates more directly with the system xc-activity expressed in regions facing the CSF, suggesting a role in redox buffering of the cysteine / cystine balance in the CSF (65, 66) . Mice lacking the xCT subunit were recently reported to show no change in brain GSH contents (67) . Mature neurons mainly take up cysteine via system X AG -(43, 48, 54), whereas immature neurons take up cystine (68) via system xc-, for GSH synthesis. There are in fact reports on system xc-activity in neurons in vitro (62, 69) . In a cell culture system, system xc-activity was enhanced under atmospheric oxygen conditions because it can be induced by oxygen (62) or by oxidative stress. Therefore, cystine transport might also show greater enhancement in vitro than in vivo (62) .
EAATs
EAATs play an important role in removing extracellular glutamate in the CNS (70, 71) . There are five sodium-dependent EAATs termed glutamate aspartate transporter (GLAST, also known as EAAT1), glutamate transporter-1 (GLT-1, also known as EAAT2), excitatory amino acid carrier 1 (EAAC1, also known as EAAT3), EAAT4, and EAAT5 (71) . GLAST and GLT-1 are localized primarily to astrocytes; and, EAAC1, EAAT4, and EAAT5 are localized to neurons. EAAT4 and EAAT5 are restricted to cerebellar Purkinje cells and the retina, respectively, whereas EAAC1 is expressed throughout the CNS. EAATs form homomultimers, mainly trimers, and each of the subunits works independently (72) . Each subunit has eight transmembrane domains with two membrane inserted loops, which are the key functional regions of the transporter (73) . EAATs can co-transport three Na + and one H + with each glutamate and counter-transport one K + (70) . Knockdown of the expression of GLAST or GLT-1 in rats using antisense oligonucleotides increased the extracellular glutamate concentration, whereas EAAC1 knockdown mice showed no increase in extracellular glutamate (74) . EAAC1 is localized diffusely over cell bodies and processes, whereas the astrocyte glutamate transporters are clustered in glutaminergic synapses (75) . These findings suggest that clearing extracellular glutamate is not a major role of EAAC1. EAAT can transport not only excitatory amino acids, for example, glutamate and aspartate, but also cysteine (76) . In particular, EAAC1 can transport cysteine at a rate comparable to that of glutamate with an affinity 10 -20-fold higher than that of GLAST or GLT-1 (76) . Partial knock-down of EAAC1 resulted in approximately 20% decreases in cysteine uptake and the GSH contents of cultured neurons (53) . Recently, another study demonstrated EAAC1 deficient mice to show 30% -40% decreases in brain GSH contents, increased oxidant levels, and increased vulnerability to oxidative stress (16) . EAAC1-deficient mice showed brain atrophy and pronounced behavioral abnormalities at advanced ages but not when younger. It is possible that these abnormalities are attributable to impaired neuronal GSH metabolism and that dysfunction of EAAC1 might be responsible for age-related neurodegenerative diseases.
Regulation of EAAC1
EAAC1 expression on the plasma membrane accounts for approximately 20% of the total intracellular EAAC1 under normal conditions (77) . When activated, EAAC1 translocates to the cell surface, with no change in de novo synthesis (77, 78) . EAAC1 is up-regulated by serum-and glucocorticoid-inducible kinase (SGK1) (79) and by phosphoinositide-dependent kinase (PDK1) (80), while being negatively modulated by the δ-opioid receptor (81), glutamate transporter associated protein 3-18 (GTRAP3-18, see discussion below) (82) , and the phosphoinositide 3-kinase (PI3K) inhibitor wortmannin (78) . Platelet-derived growth factor (PDGF) activates EAAC1 through Akt / PI3K activation in C6 glioma cells (77, 83, 84) (Fig. 3) . Protein kinase C (PKC), Fig. 3 . EAAC1 regulatory mechanisms. EAAC1 is up-regulated (solid arrow) by SGK1, PDK1, and PDGF through Akt/PI3K activation. PKCα or ε activation also induces EAAC1 up-regulation with or without membrane translocation, respectively. ATRA increases the expression of EAAC1 mRNA, thereby raising the level of EAAC1 protein. EAAC1 is down-regulated (dotted arrow) by GTRAP3-18 or DOR interaction. Abbreviations are as follows: SGK1: serum-and glucocorticoid-inducible kinase 1, PDK1: phosphoinositide-dependent kinase 1, PDGF: platelet-derived growth factor, PI3K: phosphoinositide 3-kinase? ATRA: all-trans-retinoic acid, DOR; δ-opioid receptor.
particularly PKC subtype α, activation is also known to positively regulate the cell surface expression of EAAC1 and glutamate uptake activation, while PKCε mediates the increase in EAAC1 activity without translocation to the membrane (85) . Phorbol 12-myristate 13-acetate (PMA) is a PKC activator and increases the cell surface expression and activity of EAAC1 (78), while decreasing those of GLT-1 (86) . The carboxyl-terminal domain of EAAC1 is an intracellular tail and plays a critical role in trafficking to the membrane surface. A mutant EAAC1 lacking 20 carboxyl-terminal amino acids did not show trafficking to the cell surface when cells were stimulated with PMA or PDGF (84) . Phosphorylation of serine 465 in EAAC1 by PKCα activation increased activity and both redistribution to the plasma membrane and glutamate uptake (87) . Another study demonstrated that a short EAAC1 motif,
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504 , was necessary for PDGF-induced redistribution to the plasma membrane (84) , despite the Tyr residue in this motif not being phosphorylated. Arginine 445 is also important for the control of coupling between glutamate and cations in EAAC1 (88) . Mutation of the arginine residue to nonpositive residues resulted in decreased glutamate uptake. These studies suggest that the carboxyl-terminal of EAAC1 is required for both membrane trafficking and transport activity.
RTN2B, a member of the reticulon family of proteins, interacts with EAAC1 to enhance the endoplasmic reticulum (ER) exit process and cell surface expression of EAAC1 with increased glutamate transport activity (89) . Rab1 is a GTPase, which is activated at the ER exit site, to support ER-Golgi trafficking of EAAC1 (90) . All-trans-retinoic acid (ATRA) raises the expressions of EAAC1 mRNA and protein, thereby increasing excitatory amino acid transport activity (91) . However, further investigations are needed to determine whether these regulatory systems are the same as those controlling GSH synthesis via cysteine uptake in neurons.
GTRAP3-18
GTRAP3-18 is a 188 amino acid protein with a molecular weight of 22,500 (82). GTRAP3-18 was identified by a yeast two-hybrid screening system using the carboxyl-terminal intracellular domain (arginine 438 -phenylalanine 524) of EAAC1 (73, 82) . A recent study using GTRAP3-18 transfected cell lines demonstrated GTRAP3-18 to be an integral ER membrane protein necessary for retaining EAAC1 at the ER as a trafficking regulator (89, 92) . Another EAAC1-regulating mechanism is phosphorylation of the carboxylterminal. Serine 465 is regarded as an important phosphorylation site in EAAC1 for controlling the distribution of EAAC1 between the plasma membrane and the intracellular space (87) . Therefore, GTRAP3-18 might inhibit EAAC1 activity by masking the serine 465 residue.
The GTRAP3-18 distribution in brain tissues showed widespread expression co-localized to neurons. GTRAP3-18 is a negative modulator of EAAC1 via direct binding to the C-terminal domain of EAAC1 (82) . GTRAP3-18 is located in the ER and prevents EAAC1 maturation by restricting EAAC1 exit from the ER (89, 92 ). An earlier investigation showed GTRAP3-18 to reduce EAAC1-mediated glutamate transport with no effect on translocation to the cell surface (82) , while recent studies demonstrated an inhibitory effect on EAAC1 trafficking from the ER (89, 90) . Chronic morphine administration leads to a 3 -4 fold increase in GTRAP3-18 mRNA (93). Differentiation, heat shock, and oxidative stress also increase the human isoform, termed JWA, of GTRAP3-18 protein (94, 95) . However, no studies have focused on whether GTRAP3-18 regulates EAAC1-mediated cysteine transport leading to GSH synthesis. We recently reported that inhibition of GTRAP3-18 expression using antisense oligonucleotides increased the intracellular GSH content in vitro, while the increase in GTRAP3-18 expression using methyl-β-cyclodextrin (MeβCD) led to a decrease in the GSH content without blocking EAAC1 trafficking to the membrane (96) . Immunohistochemical analysis revealed GTRAP3-18 to be present in both the plasma membrane and the intracellular compartment. In MeβCD-treated cells, GTRAP3-18 immunoreactivity was augmented in both the cell membrane and the intracellular compartment, whereas MeβCD had no effect on EAAC1 protein expression. Increased expression of GTRAP3-18 rendered cells more vulnerable to the oxidative stress induced by H 2 O 2 . We have also confirmed this GTRAP3-18 mediated GSH regulation in vivo (97) . MeβCD administered by intracerebroventricular (i.c.v.) injection increased hippocampal GTRAP3-18 expression while decreasing the GSH content. I.c.v. injections of siRNA for GTRAP3-18 or EAAC1 decreased hippocampal expressions, leading to increased or decreased GSH contents, respectively. Our results suggest that GTRAP3-18 is a potential target for increasing neuronal GSH levels endogenously.
Antioxidants increasing neuronal GSH
Orally administered GSH is hydrolyzed by dipeptidase in the gastrointestinal tract. Intravenously administered GSH (reduced form) is also rapidly eliminated, with a half-life of only 7 min (98), by reaction with γGT. Only 0.5% of radiolabeled GSH administered by intra-carotid injection was detectable in brain extracts (99) . It is generally considered to be difficult for GSH to cross the blood-brain-barrier (14, 100), although there are some reports describing a so-called "GSH transporter" (101) . One trial found intravenous GSH administration for one month to early stage Parkinson's disease (PD) patients to produce significant efficacy persisting 2 -4 months after this therapy; these are promising results, even though the number of patients was small and there were no controls (102) . The precise mechanism underlying GSH transport from blood to the brain remains unknown.
GSH monoethyl ester (GEE) increased intracellular GSH levels in rat mesencephalic culture and striatal GSH levels with continuous i.c.v. injection (100). However, peripheral administration of GEE failed to increase GSH levels in the brain (100). Furthermore, some toxicity due to the ethyl ester moiety was noted with the use of GEE, suggesting that caution is necessary when this compound is employed in vivo (103) .
L-2-oxothiazolidine-4-carboxylic acid (OTC), a cysteine precursor, is metabolized by 5-oxoprolinase to L-cysteine with ATP-dependent hydrolysis. OTC also increases the intracellular GSH content of astrocytes (104), but not that of neurons (47) . We can speculate that this enzyme activity is absent from neurons. In addition, peripheral OTC administration did not increase GSH levels in the brain (105) .
Cysteine has a neurotoxic effect at concentrations high enough to activate NMDA receptors, leading to enhanced glutamate neurotoxicity (106) , whereas NAC acts as a precursor for GSH synthesis by supplying cysteine (47) and activates the GSH cycle (107) . NAC enters cells readily and is then deacetylated to form Lcysteine regardless of the presence or absence of EAAC1 (16) . NAC also exerts a direct chemical effect as an antioxidant, although with less potency than GSH (22) . Systemic administration of NAC can deliver cysteine to the brain, thereby raising the GSH level in the CNS (16) . There are, in fact, reports of systemic NAC administration being beneficial in animal models with neurological disorders (108, 109) . Our recent study (110) also showed NAC to be an effective precursor for GSH synthesis in dopaminergic neurons. NAC preadministration ameliorated motor dysfunction in addition to restoring GSH levels in MPTP-treated mice. We also found the nitrotyrosine level on EAAC1 to be lower in the midbrains of NAC / MPTP-treated mice than in those of MPTP-treated mice. Although we do not yet know whether NAC would be clinically beneficial in PD, its low toxicity and ease of administration warrant further investigation of this compound.
Neurodegenerative diseases and oxidative stress
It is well established that oxidative stress plays a major role in age-related neurodegenerative diseases (111) . Increased levels of nitrotyrosine, a permanent marker of ONOO − attack on proteins, were previously demonstrated in Alzheimer's disease (AD), PD, and amyotrophic lateral sclerosis (ALS) (8) . Increased levels of 4-HNE, the most cytotoxic product of lipid peroxidation (10), have also been documented in AD, PD, ALS, and other neurodegenerative diseases (112, 113) . Aging is a critical factor for GSH homeostasis. Several lines of evidence support a GSH decline with aging in the brain (23) . GSH depletion enhanced oxidative stress leading to neuronal degeneration (16) . In fact, brain GSH is reduced in some age-related neurodegenerative diseases. AD is a leading age-related neurodegenerative disease, which pathogenically involves oxidative stress (114). Brain tissues from AD patients with the ε4 allele of ApoE showed decreased GSH levels as compared with those of age-matched controls or AD patients homozygous for the ε3 allele (115) . The GSH level in red blood cells was also found to be decreased (116) , while the activity of GST, an enzyme with a protective action against 4-HNE, was decreased in AD patients (117) . PD is the second most common neurodegenerative disease after AD. PD is also characterized by decreased GSH concentrations in the substantia nigra (SN) (118) . The severity of GSH depletion parallels pathological and / or clinical PD severity (102) . Decreased GSH may be an early event in PD progression (119) . Progressive supranuclear palsy (PSP) is also an age-related neurodegenerative disease and its pathogenesis is also related to oxidative stress (120) . Recently, PSP patients were also shown to have decreased GSH levels in the SN (121) . Although recent studies have provided evidence that oxidative stress is involved in these neurodegenerative diseases, the precise mechanisms of declining brain GSH are not fully understood.
Parkinson's model and EAAC1
PD is a progressive, late-onset disease which is affected by dopaminergic neurodegeneration in the SN. The precise etiology of PD remains uncertain, although genetic and / or environmental factors are clearly important in its pathogenesis (122) . Oxidative stress is a major factor implicated in the pathogenesis of PD. Previous reports demonstrated increased iron levels in the SN of PD patients (3), leading to hydroxyl radical formation via the Fenton reaction (5). The SN generally contains lower GSH levels than the cortex, cerebellum, hippocampus, or striatum (123) and is therefore considered to be a target of oxidative stress. Decreasing GSH levels in dopaminergic neurons by BSO potentiates susceptibility to some dopaminergic neurotoxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 1-methyl-4-phenylprydinium (MPP + ), and 6-hydroxydopamine (124, 125) . Loss-of-function of GCLM also enhanced dopaminergic neurotoxicity, while GCLM overexpression rescued the neuronal loss in flies overexpressing α-synuclein, a principle component of Lewy bodies that define PD pathologically (126) . However, whether cysteine uptake by EAAC1 is suppressed, thereby leading to the decreased GSH synthesis in PD models, remains to be determined.
Previous studies showed glutamate transporters to be vulnerable to oxidative stress and that glutamate uptake is inhibited by pre-incubation with ONOO − or H 2 O 2 in vitro (127) . However, little is known about the influence of oxidative stress on the capacity of EAAC1 to function as a cysteine transporter. Pigmented dopaminergic neurons were found to express high levels of EAAC1 in human subjects (128) . EAAC1-deficient mice showed age-dependent decreases in the number of dopaminergic neurons in the SN and in motor function (129) . It is possible that oxidative stress induces EAAC1 dysfunction in PD. However, to our knowledge, there have been no studies examining EAAC1 in PD patients, nor in any of the currently available PD models.
Recently, we suggested the involvement of EAAC1 dysfunction in an MPTP-treated murine model (110) . MPTP is known as to be an exogenous neurotoxin that induces mitochondrial dysfunction leading to increased oxidative stress and dopamine depletion in the striatum (130) . MPTP-treated mice showed reduced motor activity, reduced GSH contents, EAAC1 translocation to the membrane, and increased levels of nitrated EAAC1. These changes were reversed by pre-administration of NAC, a membrane-permeable cysteine precursor. ONOO − is a potent oxidant generated by the reaction between superoxide and NO (6 -8) . In a study conducted by our group, pretreatment with 7-nitroindazole (7-NI), an nNOS inhibitor, also prevented both GSH depletion and nitrotyrosine formation induced by MPTP. Although we recently found 7-NI to be non-specific to nNOS (131) , a previous report demonstrated attenuation of MPTP neurotoxicity in nNOS-deficient mice (132) . These results suggest a major role of ONOO − derived from nNOS in MPTP-induced GSH depletion. ONOO − can oxidize cysteine residues and / or nitrate tyrosine residues on glutamate transporters and thereby impair their functions (127, 133) . Our data from acute slice culture experiments demonstrated pre-incubation with H 2 O 2 or MPP + reduced subsequent cysteine uptake in the midbrain. Similarly, a marked reduction of cysteine uptake was observed in the presence of an EAAC1 inhibitor, but not a GLT-1 inhibitor, suggesting that EAAC1 is the primary cysteine transporter in the midbrain, as has been demonstrated in the hippocampus (16) . We also confirmed the inhibition of cysteine uptake by MPP + using SHSY-5Y cells, a dopaminergic cell line, in vitro. These results indicate that MPTP neurotoxicity would be enhanced by inhibiting neuronal cysteine uptake leading to impaired GSH synthesis and may explain the GSH decrease that occurs with EAAC1 dysfunction in the midbrains of MPTP-treated mice.
Concluding remarks
In conclusion, increasing the neuronal GSH level, whether endogenously or exogenously, would prevent the progression of some age-related neurodegenerative diseases by protecting against oxidative stress. It is unclear whether exogenous GSH/ cysteine supplements are clinically effective, whereas endogenous mechanisms inducing GSH synthesis might be an alternative strategy against neurodegeneration. Cysteine transport via EAAC1 plays an important role in neuronal GSH synthesis. Although the precise mechanism(s) regulating EAAC1 function remains elusive, an agent inhibiting GTRAP3-18 would be a promising approach to increasing the neuronal GSH level endogenously in patients with neurodegenerative diseases.
